The regulation of salt and water balance is one of the salient contributions of the kidney to the preservation of the constancy of the internal environment. Each day some 26,000 mmol of sodium and 180 liters of water traverse the glomerular filtration barrier into the urinary space, and all but 1% of such filtrate is faithfully returned by the tubular epithelium to the vascular compartment. Renal sodium reabsorption requires ATP, and to generate sufficient amounts of ATP for sodium transport, the kidney avidly consumes oxygen to drive mitochondrial oxidative phosphorylation; indeed, oxygen consumption/tissue weight by the kidney is exceeded, among major organs, only by the beating heart (1). A small percentage of oxygen consumed by mitochondria is incompletely reduced to reactive oxygen species (ROS), and this unremitting generation of oxidants during mitochondrial respiration, albeit in small amounts, may cumulatively take its toll on organs such as the kidney that are heavily dependent on mitochondrial metabolism.
Caloric restriction delays renal senescence via Sirt1
The mitochondrial theory of aging posits that mitochondrial ROS target DNA and other mitochondrial components, and such oxidative modifications impair the electron transport chain, with an attendant augmentation in mitochondrial generation of ROS; a self-perpetuating cycle of mitochondriabased oxidative injury then ensues, leading to the progressive failure of bioenergetics and other aspects of mitochondrial function (2) . This pathogenetic cascade may be interrupted in aging organs if injured mitochondria can first be culled and cordoned off from relatively healthy mitochondria and then selectively digested and reabsorbed. Such autophagy, as shown in the study reported by Kume et al. in this issue of the JCI, underlies the salutary effects of caloric restriction on the aging murine kidney and is actuated by sirtuin 1 (Sirt1) (3). Through its NAD + deacetylase activity, Sirt1 can deacetylate a number of targets, including the transcription factor forkhead box O3a (FOXO3a). When deacetylated, and under the hypoxic conditions studied by Kume et al., FOXO3a promoted the expression of Bnip3, a gene that enables autophagy to occur. However, when FOXO3a remained acetylated, its transcriptional activity switched from Bnip3 to Bim1, the latter facilitating apoptosis. Thus, the age-dependent decline in Sirt1 activity in mice fed ad libitum, as observed by Kume et al., elicited transcriptional behavior of FOXO3a directed toward cell death (3). In contrast, caloric restriction, a dietary manipulation that promotes longevity, abrogated the reduction in renal Sirt1 expression that occurred with age; consequently, the transcriptional activity of FOXO3a was geared toward the selective disposal of damaged mitochondria by autophagy, rather than the loss of kidney cells by apoptosis (Figure 1 ). In the aging kidney, caloric restriction concomitantly reduced oxidative stress, preserved the population of healthy mitochondria, lessened fibrosis, and improved renal function (3).
Kume et al. uncovered the basis for the protective effects of Sirt1 in proximal tubular epithelial cells exposed, under hypoxic conditions, to serum from rodents maintained on caloric restriction; such serum can recapitulate in vitro effects observed with caloric restriction in vivo (3). The rationale for subjecting proximal tubular cells to hypoxia rests on the development of hypoxia in the aging renal cortex (3, 4) and the implication of hypoxia in the pathogenesis of aging nephropathy (4). Additionally, hypoxia can promote mitochondrial generation of ROS and thus may contribute to the cycle of mitochondrial oxidant stress and injury (5) . Moreover, as observed by Kume et al., caloric restriction reduced renal injury without alleviating cortical hypoxia (3). In their in vitro studies, they demonstrated that the instigation of the Sirt1-deacetylated FOXO3a pathway by caloric restriction recruited not only Bnip3 but also p27, a cyclin-dependent kinase inhibitor (3) . While the cell cycleinhibitory effects of p27 may contribute to the salutary effects of caloric restriction, p27 exerts antiapoptotic effects in the kidney (6), and such actions of p27 may also be relevant. Thus, cell cycle-related and antiapoptotic processes, along with mitochondrial autophagy, were utilized by the Sirt1-deacetylated FOXO3a pathway in mediating the beneficial effect of caloric restriction on renal aging.
The deacetylating activity of Sirt1 also mediates hypoxia-induced activation of HIF-2a (7), a transcription factor that regulates expression of erythropoietin, and angiogenic and antioxidant genes (8) . Interestingly, the renal cortical interstitium in aged rodents expresses significant amounts of HIF-2a (4), and thus the effect of caloric restriction on HIF-2a in the aging kidney would be of interest. The findings of Kume et al. (3) are also relevant to chronic kidney disease, since cortical hypoxia is increasingly implicated in the pathogenesis of chronic kidney disease (9-11). There is substantial interest in strategies that alleviate hypoxia or its attendant effects as a way of retarding chronic kidney disease. The studies by Kume et al. emphasize that altering the response to hypoxia, rather than hypoxia itself, may protect impressively against renal injury (3).
The inimical milieu of the renal medulla
Hypoxia also exists in the renal medulla, but whereas the renal cortex requires aging or chronic kidney disease to become hypoxic, hypoxia is a constant and defining feature of the medulla in the healthy kidney (1, (12) (13) (14) . The renal medulla critically contributes to overall renal function, as it reabsorbs substantial amounts of filtered sodium, regulates water excretion, and assists in the maintenance of normotension. Such functioning of the medulla occurs despite the presence of hypoxia and other conditions that threaten cell viability, and these include a meager blood supply, increased ammonia concentrations, substantial ROS generation by a metabolically active thick ascending limb, and markedly increased interstitial osmolality (1, 12, 13) . Interstitial hyperosmolality, due to the high interstitial concentrations of sodium chloride and urea, may perturb cellular structure and function, in part, by promoting the generation of ROS. Cells can only survive and function in such an inhospitable environment if they possess innate mechanisms that safeguard their vitality.
Sirt1 as an endogenous protectant in the medulla
One such mechanism, as shown in the study reported in this issue by He et al., involved cellular expression of Sirt1 (15) . Their studies demonstrated that the medulla was enveloped in oxidative stress and Sirt1 was prominently expressed by medullary interstitial cells (15) . Sirt1 protected against oxidant-induced injury to medullary interstitial cells in vitro, and in an in vivo model of oxidative stress imposed by obstructive nephropathy, Sirt1 reduced apoptosis and interstitial fibrosis that occurred in the medulla (Figure 1) . In exploring the basis for these effects of Sirt1, He et al. recognized that the Sirt1-expressing cells also expressed COX2. Furthermore, Sirt1 mediated the induction of COX2, which occurred in the obstructed kidney and upon exposure to ROS. Finally, one of the products of COX2, PGE 2 , accounted, in part, for the cytoprotective effects of Sirt1 (15) .
Pathophysiologic implications of medullary expression of Sirt1
The observations of He et al. (15) are relevant to a number of pathophysiologic issues. First, COX2/PGE 2 contributes to the anti-hypertensive actions of the renal medulla by increasing medullary blood flow and sodium excretion (14, 16); renal expression of Sirt1, by inducing COX2/ PGE 2 , may thus modulate, directly, intrarenal hemodynamics and, indirectly, systemic hemodynamics. Second, aging impairs renal regulation of salt and water balance and is associated with systemic hypertension (17); these age-related effects may reflect, in part, medullary dysfunction incurred by an age-related decline in medullary expression of Sirt1. Third, the protection conferred by induced Sirt1 in the obstructed kidney raises the possibility that a similar scenario may also occur in ischemic, inflammatory, and other types of renal injury. Finally, these findings are germane to chronic kidney disease. Irrespective of the cause of chronic kidney disease, tubulointerstitial disease develops in the cortex, and the severity of such tubulointerstitial disease determines the decline in renal function (18) . Since cortical expression of Sirt1 is lower than that in the medulla (15) , the cortex may thereby be vulnerable to the initiation and progression of tubulointerstitial disease.
Conclusions
The studies reported by Kume et al. (3) and He et al. (15) in this issue of the JCI identify Sirt1 as a new and important participant in the repertoire of renal cytoprotective responses. Such observations thus advance our understanding of the nature and range of renal responses to stress and aging (19, 20) . Moreover, these studies open up an investigative path that leads to the explora-
Figure 1
Sirt1 plays an important role in renal cytoprotective responses to aging and stress. In this issue of the JCI, Kume et al. (3) demonstrated that in aged mice maintained on ad libitum feeding, the kidney exhibited cortical hypoxia and decreased expression of Sirt1; caloric restriction prevented the reduction in Sirt1 but did not alleviate cortical hypoxia. Transcriptional targets of acetylated FOXO3a include Bim1, while those of deacetylated FOXO3a include Bnip3 and p27. In the medulla, as reported by He et al. in this issue (15) , interstitial cells expressed Sirt1; Sirt1 conferred resistance to urinary tract obstruction-induced (UTO-induced) apoptosis and fibrosis and to ROS, in part, through the expression of COX2 and PGE2 (15) .
tion of Sirt1 as a protectant against other clinically relevant renal insults, and an investigative path that would culminate, hopefully, in the discovery of novel therapies for human kidney disease.
